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Carbon emission has increasingly become an issue of global concern because of climate change. Un-
fortunately, Taiwan was listed as top 20 countries of carbon emission in 2014. In order to provide
appropriate measures to control carbon emission, it appears that there is an urgent need to address how
such factors as population and economic growth impact the emission of carbon dioxide in any devel-
oping countries. In addition to total population, both the percentages of population living in urban area
(i.e., urbanization percentage), and non-dependent population may also serve as limiting factors. On the
other hand, the total energy-driven gross domestic production (GDP) and the percentage of GDP
generated by the manufacturing industries are assessed to see their respective degree of impact on
carbon emission. Therefore, based on the past national data in the period 1990e2014 in Taiwan, an
analytic tool of Stochastic Impacts by Regression on Population, Afﬂuence and Technology (STIRPAT)
was employed to see how well those aforementioned factors can describe their individual potential
impact on global warming, which is measured by the total amount of carbon emission into the at-
mosphere. Seven scenarios of STIRPAT model were proposed and tested statistically for the signiﬁcance
of each proposed model. As a result, two models were suggested to predict the impact of carbon
emission due to population and economic growth by the year 2025 in Taiwan.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chinese Institute of Environmental
Engineering, Taiwan. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Among the greenhouse gases, carbon dioxide (CO2) is most
affected by human activities. The major source of CO2 is mainly
emitted from the combustion of fossil fuel. Half of its emission
remains in the atmosphere, contributing to the rise of global
temperature, and the other half is absorbed by natural land and
ocean carbon reservoirs [1]. In other words, atmospheric CO2
concentration serves a key indicator to monitor the global
warming. According to Earth System Research Laboratory Global
Monitoring Division, the atmospheric CO2 concentration in April
2015 was 407 ppm, and it was 403 ppm in April 2014 [2]. As was
reported by Schellnhuber et al. [3], the probability exceeding 2 C
increase at equilibrium CO2 level of 450 ppm is 78%. Obviously, the
issue of CO2 emission cannot be overlooked to prevent its disas-
trous impact on global temperature rising.).
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arch (2016), http://dx.doi.orgGiven such a global issue of carbon emissions, the Kyoto Protocol
was adopted in Kyoto, Japan, in 1997 and entered into force in 2005.
It is an international agreement linked to the United Nations
Framework Convention on Climate Change, which commits its
Parties by setting internationally binding emission reduction tar-
gets. Furthermore, as was held in Paris (COP21) in December 2015
concerning climate change, the ﬁrst-ever universal, legally binding
global climate deal was adopted by 195 countries. This agreement,
whichwill enter into force in 2020, was reached to put theworld on
track to avoid dangerous climate change by limiting global warm-
ing to well below 2 C. In response to this, Taiwan has actively
endeavored to fulﬁll its international role and duty by promoting
energy saving and carbon reduction. Over the past 2 decades, pri-
mary energy sources in Taiwan lied mainly in coal, petroleum and
natural gas, with the coal representing the most proportion (Fig. 1).
Currently, Taiwan was listed as top 20 emitting countries [4]
(Table 1). With consumption of these fossil fuels, the energy-
related laws need to be drafted and enforced to control carbon
emissions. To this, the relevant laws were amended and promul-
gated one after another in recent years in Taiwan. For example,
“Energy Administration Act” was further amended in July 2009,of Environmental Engineering, Taiwan. This is an open access article under the CC
nd economic growth on carbon emissions in Taiwan using an analytic
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Fig. 1. (a) Primary energy consumption and (b) its structure by energy type in Taiwan (1994, 2004, 2014). “KLOE”: kiloliter of oil equivalent.
Table 1
Top 20 CO2 emitting countries in 2014 (Mt CO2).
Rank TCO2 Country TCO2 Energies Coal Gas
consumption
Gas
ﬂaring
Oil
1 China 8486 6777 319 e 1390
2 United States of
America
5488 1728 1441 12.6 2306
3 India 2086 1529 102 e 454
4 Russian Federation 1708 425 836 e 446
5 Japan 1220 441 251 8.5 520
6 Germany 757 294 147 1.4 314
7 Republic of Korea 682 314 112 e 256
8 Saudi Arabia 622 e 193 1.3 428
9 Canada 594 90 202 3.4 298
10 Iran 580 6 320 e 254
11 Brazil 550 43 81 3.6 423
12 Indonesia 478 162 80 1.7 234
13 South Africa 474 376 10 e 89
14 United Kingdom 461 109 153 e 199
15 Mexico 417 35 132 2.5 248
16 Australia 406 197 70 e 139
17 Italy 335 49 119 e 167
18 France 334 33 76 2.0 223
19 Taiwan 310 162 32 e 115
20 Turkey 309 129 91 e 89
Note: Information Source: The Shift Project Data Portal: Browse Energy and Climate
Data.
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tion and Management Act (GGRM)” promulgated in July 2009 and in
July 2015, respectively. Most importantly, according to GGRM,
Taiwan should cut the emissions to 50% below 2005 levels by 2050.
It seems that all necessarymeasures taken in Taiwan have led to the
decrease in the energy intensity, as is illustrated in Fig. 2, where the
energy intensity is observed to drop year by year.
Considering the issue of global climate change, this study
focused on developing a predictive tool for managing Taiwan's
carbon emissions as Taiwan's economy and population continue to
grow along the years. After surveying the literature, many re-
searchers have employed IPAT, or STIRPAT (stochastic impacts by
regression on population, afﬂuence and technology) for the study
in the aforementioned area. For example, Dietz and Rosa [5]
initiated a stochastic version from IPAT, due to a non-log-linear
relationship between carbon emission and population. They sug-
gested that both factors of population and afﬂuence will accelerate
the greenhouse gas emissions over the next decade. Shi [6] re-
ported that global population change over the period 1975e1996
outpaced the growth in carbon dioxide emissions, and the impact
of population change on emissions is much more pronounced in
developing countries than in developed countries, according to
STIRPAT model. Using STIRPAT, Fan et al. [7] analyzed the impact of
population, afﬂuence and technology on the total CO2 emissions of
countries with different income levels over the period 1975e2000.
Given countries with the high income levels, they drew a conclu-
sion that non-independent population percentage imposed a
negative impact on the total carbon emission, and a positive
impact for thosewith the other income levels. On the other hand, it
appears that carbon emissions tend to decrease with increasing
per-capita GDP. Lin et al. [8] investigated the impacts of popula-
tion, urbanization level, per-capita GDP, industrialization level and
energy intensity on the environment in China using STIRPAT
model over the period 1978e2006. According to their report, the
descending environmental impact due to the above factors is as
follows: population, urbanization level, industrialization level,
GDP per capita, and energy intensity. Shao et al. [9] estimatedPlease cite this article in press as: Yeh J-C, Liao C-H, Impact of population a
tool STIRPAT, Sustainable Environment Research (2016), http://dx.doi.orgenergy-related industrial CO2 emissions (ICE) and summarized
ICE's characteristics in Shanghai over the period 1994e2009. They
reported that the utilization of the ICEeSTIRPAT model is valid and
robust under the setting of environment impact control over ICE in
Shanghai. Recently, Tan et al. [10] predicted CO2 emission reduc-
tion potential of Chongqing using modiﬁed STIRPAT. As a result,
they suggested such strategies as improved technology, energy
efﬁciency, optimization of energy input mix, and adjustment of
industrial structure be considered to meet Chongqing's carbon
intensity targets. Wang et al. [11] used STIRPAT to estimate the
relationship between the carbon emissions, population, GDP pernd economic growth on carbon emissions in Taiwan using an analytic
/10.1016/j.serj.2016.10.001
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Fig. 2. Energy intensity in Taiwan (1994e2014).
J.-C. Yeh, C.-H. Liao / Sustainable Environment Research xxx (2016) 1e8 3capita, electricity and energy consumptions. They reported that
the elasticities of population, economy and technology on CO2
emissions are positive for the former two and negative for the
third one. In addition, based on their proposed scenarios, they
claimed that enhancing the electricity energy's ratio is a good way
to reduce the CO2 emissions.
In spite of widespread use of STIRPAT, Wei [12] questioned why
there exists difference of ecological elasticity among different re-
searchers, when applying STIRPAT. Proposing an alternative model
equivalent to STIRPAT, he concluded that such a difference is owing
to different functional forms of STIRPAT.With his alternativemodel,
factors to be added in STIRPAT can be determined. Unlike STIRPAT,
Lozano and Gutierrez [13] used a non-parametric approach to
determine efﬁciency levels, estimate maximum GDP compatible
with given levels of population, energy intensity and carbonization
intensity, and estimate the minimum level of greenhouse gas
emissions compatible with given levels of population, GDP, energy
intensity or carbonization index. In addition, Puliaﬁto et al. [14]
proposed a set of ordinary differential equations for competing
species to explain population dynamics, economic growth, energy
consumption and carbon emissions.
Hence, with this well-developed STIRPAT model, we intend to
establish a Taiwan-speciﬁc case for carbon emissions analysis and
prediction. Based on our literature survey, it is rare to ﬁnd similar
reports in Taiwan except the one by Chu et al. [15] who used
STIRPAT model to explore the effect of ecological elasticity in Tai-
wan's carbon reduction policies. As they have discovered, it was
negatively correlated between the energy price and carbon emis-
sion, and the ecological elasticity was inelastic. It appears to them
that the carbon trading should be considered by Taiwan govern-
ment as a favorable policy. In contrast, in our present study the
independent variables, which may impact carbon emission, involve
the two categories of demographic and economic information.
The data used for analysis and modeling were collected from
national databases of different departments in Taiwan (National
Statistics), with the time spanning the period 1990e2014. Different
model scenarios were proposed to identify the most appropriate
one to be further applied for model implication and prediction
purposes. The scenario of future prediction of carbon emissionswas
set at the target year of 2025, based on the estimated future pop-
ulation and per-capita GDP in Taiwan. As a result, the ﬁndings
enrich the information in the ﬁeld of STIRPAT model, in particular,
in Taiwan, and also provide preliminary information for environ-
mental policy making in Taiwan.Please cite this article in press as: Yeh J-C, Liao C-H, Impact of population a
tool STIRPAT, Sustainable Environment Research (2016), http://dx.doi.org2. Methodology
2.1. STIRPAT model
As addressed in detail above, the “IPAT” has long been
employed as a tool to describe environmental impacts (I) due to
population (P), afﬂuence (A) and technology (T). Waggoner and
Ausubel [16] attempted to renovate the “IPAT identity” to identify
actors with forces. They proposed the framework “ImPACT” for
sustainability science, e.g., with Actors/Dimension in each
parenthesis, I for Impact (All/Emission), P for population (Par-
ents/Capita), A for afﬂuence (Workers/GDP per capita), C for in-
tensity of use (Consumers/Energy per GDP), T for efﬁciency
(Producers/Emission per energy). When combining C and T
(C  T) together, it represents sustainability levers with the
dimension of Emission per GDP. It is therefore in this study that
we intend the carbon emission to represent environmental
impact due to population, economic growth, and technology-
based energy efﬁciency. Based on “IPAT”, ﬁrst suggested by Ehr-
lich and Holdren, Rosa and Dietz [17,18] reformulated it into a
stochastic model “STIRPAT” within a more sophisticated con-
ceptual and empirical frame:
I ¼ aPbi  Aci  Tdi  ei (1)
where the constant a scales the model, b, c and d are the exponents
of P, A and T, respectively, that must be estimated, and e is the error
term. Later on, York et al. [19] used this stochastic model to address
the driving forces of environmental impacts. Note that in their
model T is included in the error term, rather than estimated
separately. It is because T is not a single factor but comprises many
separate factors that inﬂuence environmental impacts. Conse-
quently, they derived the following basic model in logarithmic
form:
logðIÞ ¼ logðaÞ þ b logðPÞ þ c logðAÞ þ logðeÞ (2)
To describe a non-monotonic relationship between impacts and
driving forces, a quadratic term of afﬂuence may be included, as
presented below:
logðIÞ ¼ logðaÞ þ b logðPÞ þ c logðAÞ þ d ðlogðAÞÞ2 þ logðeÞ
(3)
In general, Eq. (3) provides the very fundamental theory in this
study, and triggers subsequent model proposal, data collection and
transformation, regression analysis, and model application.2.2. Proposed models
As will be further described in detail in Section 2, the growth
rates of both population and economy affect carbon emission
signiﬁcantly during the period 1990e2014 in Taiwan. Hence, based
on the STIRPAT, seven models were proposed to describe carbon
dioxide emission (I) in Taiwan, with the selected variables such as
population (P), the percentage of the population aged 15e65 (the
non-dependent population; %PNI), gross domestic production per
capita (A), the percentage of the population living in urban areas (%
PU), and the percentage of GDP generated by the manufacturing
industries (%AM). Table 2 shows the log-polynomial model co-
efﬁcients for each corresponding model. Note that the aforemen-
tioned variables were further transformed for the regression
analysis as follows:nd economic growth on carbon emissions in Taiwan using an analytic
/10.1016/j.serj.2016.10.001
Table 2
Proposed STIRPAT-based models.
Log-polynomial model coefﬁcients
1 2 3 4 5 6 7
Intercept a11 Intercept a12 Intercept a13 Intercept a14 Intercept a15 Intercept a16 Intercept a17
log(p) a21 log(p) a22 log(p) a23 log(p) a24 log(p) a25 log(p) a26 log(p) a27
log(a) a31 log(a) a32 log(%PNI) a33 log(a) a34 log(a) a35 log(%PNI) a36 log(%PNI) a37
(log(a))2 a42 log(a) a43 (log(a))2 a44 (log(a))2 a45 log(a) a46 log(a) a47
(log(a))2 a53 log(%pU) a54 log(%AM) a55 (log(a))2 a56 (log(a))2 a57
log(%pU) a63 (log(%pU))2 a64 (log(%AM))2 a65 log(%AM) a66
(log(%pU))2 a73 (log(%AM))2 a76
J.-C. Yeh, C.-H. Liao / Sustainable Environment Research xxx (2016) 1e84p ¼ p
p
; (4-1)a ¼ A
A
; (4-2)
%Pu ¼ %Pu
%Pu
; (4-3)
i ¼ I
I
(4-4)
where the upper bar in each capital letter is denoted as the average
of all accessed data.3. Data
The historical data of selected indicators used for model analysis
were accessed from the database of National Statistics of Taiwan
[20]. Table 3 presents the data range, average, median and growth
rate of each indicator in 1990e2014. In average, the population is
22.3 million, percentile of non-dependent population 70.8%, GDP
per capita $15,330, percentile of urbanized population 67.2%,
percentile of industries-contributed GDP 27.5%, and carbon dioxide
emission 203 Mt, which are contrasted by their medians: 22.5
million, 70.6%, $14,120, 67.4%, 27.7%, and 221 million.
With the transformed variables, Fig. 3 demonstrates the rela-
tionship between (a) i and p; (b) i and a; (c) i and p*a. In viewof IPAT
equation, where I ¼ P  A  T, it appears that straight-line rela-
tionship is roughly followed between transformed carbon emission
and population (p < 1.03), but not for the latter two cases. In gen-
eral, i is positively related to p except that carbon emission dropped
as population increased within a certain range in the higher end, as
shown in Fig. 3a. On the other hand, as illustrated in Fig. 3b, there
are 2 backward turning points, where a decreased but i increased;
one drop-down point, where a increased but i decreased; one
backward and drop-down point, where both a and i decreased; as
for the rest of data points a, it's observed that i and a are positively
correlated. By using product of p and a as the x-axis, Fig. 3c shows a
trend quite similar to the one presented in Fig. 3b.Table 3
Description on accessed data of different indicators in 1994e2014.
Indicator Unit Max. Min.
P person 23433750 20401310
%PNI % 74.2 66.7
A GDP per capita $22,650 $8220
%PU % 68.8 65.5
%AM % 31.2 24.1
I Mt 256 110
Please cite this article in press as: Yeh J-C, Liao C-H, Impact of population a
tool STIRPAT, Sustainable Environment Research (2016), http://dx.doi.orgIn Fig. 4, proﬁles of i, p, and a are presented along the years of
1990e2014. The transformed population data (i) increase with the
time, showing the population growth in the past years. When
looking at the transformed per-capita GDP data (a), there are three
waves of ﬂuctuation in the years of 1998, 2001, 2009, respectively,
indicating the setback of economy in Taiwan because of deterio-
ration of global and/or domestic economic environment. Con-
cerning the carbon emission (i), a dropping wave occurred in 2009,
consistent with the drop of per-capita GDP in the same year
of 2009.
In this study, we attempted to select the carbon emission as the
dependable variable. On the other hand, as mentioned earlier, the
explanatory variables include: total population, percentage of non-
independent population, per-capita GDP, percentage of urbanized
population, and industries-contributed per-capita GDP. With data
transformed and by taking the logarithm of all the aforementioned
variables, Table 4 depicts the results of a pairwise correlation test. It
appears that industries-contributed per-capita GDP is not corre-
lated with all the other variables. In contrast, any selected 2 vari-
ables are highly correlated with each other, except those involving
%AM. In addition, with the logarithm form, carbon emission can be
seen as a function of total population, percentage of non-
independent population, per-capita GDP, and percentage of ur-
banized population. It is noticed here, as presented in Table 2, that
each quadratic form of per-capita GDP, the percentage of the pop-
ulation living in urban areas, and the industries-contributed per-
capita GDP was taken to account for the non-linear relationship
between carbon emission and those three aforementioned
variables.4. Results and discussion
4.1. Model regression analysis
Based on the proposed models (Table 2), a statistical test was
performed to identify the model that best ﬁts the historical data
sets. As depicted in Table 5, in general, the ﬁtting degree for all the
models proposed here is highly signiﬁcant according to F-test, with
p values less than .000 and the R2 values ranging from .977 to .992.
To detect the presence of autocorrelation, the relevantAve. Median Growth rate
Total Annual
22255940 22520780 14.9% .6%
70.8 70.6 11.0% .4%
$15,330 $14,120 175.7% 7.0%
67.2 67.4 5.0% .2%
27.5 27.7 4.6% .2%
203 221 129.3% 5.2%
nd economic growth on carbon emissions in Taiwan using an analytic
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Fig. 4. Proﬁles of normalized historical data (i, p, a) in the period 1990e2014.
Table 4
Pairwise correlation test.
Variables log(p) log(%PNI) log(a) log(%pU) log(%AM) log(i)
log(p) 1
log(%PNI) .977* 1
log(a) .944* .966* 1
log(%pU) .990* .991* .949* 1
log(%AM) .051 .080 .008 .065 1
log(i) .985* .933* .901* .960* .111 1
Note: *Correlation is signiﬁcant at the .01 level (2-tailed).
Table 5
Statistical test on the proposed model.
Log-polynomial model
Statistic 1 2 3 4 5 6 7
R2 .977 .986 .992 .989 .989 .992 .990
F-test 467 482 360 345 339 397 483
P value .000 .000 .000 .000 .000 .000 .000
DurbineWatson test (signiﬁcant level ¼ .01, sample size ¼ 25)
DurbineWatson Test (d) .83 1.27 .87 .86 1.33 1.31 1.20
No. of predictors (k) 2 3 6 5 5 6 4
dL .98 .91 .68 .76 .76 .68 .83
dU 1.31 1.41 1.78 1.65 1.65 1.78 1.52
4-dU 2.70 2.59 2.22 2.36 2.36 2.22 2.48
4-dL 3.02 3.09 3.32 3.24 3.24 3.32 3.17
Test results þ þ/ þ/ þ/ þ/ þ/ þ/
Note: ‘þ’: Positive autocorrelation; ‘’: Negative autocorrelation; ‘þ/’: Inconclu-
sive autocorrelation.
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tool STIRPAT, Sustainable Environment Research (2016), http://dx.doi.orgDurbineWatson test data are presented in lower portion of Table 5.
As a result of DurbineWatson test, the dependent variables in
Model 1 are autocorrelated, while the others (Models 2e6) are
inconclusive.
The regression analysis of carbon emissions under different
scenarios is presented in Table 6. In view of model signiﬁcance,
Models 1 and 2 are much more favored than the others. As
mentioned earlier, the dependent variable %AM is not correlated
with all the other variables. Therefore, Models 5 and 6 involving %
AM are observed to have less signiﬁcance with respect to its coef-
ﬁcient. On the contrary, another dependent variable %PNI seems to
be a favorable one because its coefﬁcient signiﬁcance is relatively
higher, as evidenced in Models 3 and 6.
As we further look into the variance inﬂation factor (VIF), which
quantiﬁes the severity of multi-collinearity in an ordinary least
squares regression analysis, the multi-collinearity is obviously not
an issue of concern in Models 1 and 2 with the highest VIFs less
than accepted standard 10. But for the other models, they are way
too high above the standard. Individually speaking, it appears that
the dependent variable a leads to smaller values in Models 1, 2, 5
and 7. In brief, if dependent variables of total population and per-
capita GDP are to be chosen for modeling, there seems no point
to include into the model the other dependent variables such as
non-independent population percentage, urbanized population
percentage, or industries-contributed per-capita GDP. This could be
understood from the pairwise correlation test (Table 4), where the
correlation between any selected 2 variables is quite signiﬁcant,
except the variable of %AM.
According to Models 1 and 2, the histogram of regression
standardized residual is presented in Fig. 5. With such a histogram,
it allows visual assessment of the distance of each observation from
the ﬁtted line. In Model 1, the standardized residuals lie roughly
within 3 times of standard deviation (SD). In contrast, the distri-
bution of standardized residual appears to skew to the left with the
distribution spanning within 3e4 times of SD on the left and 2 to 3
times of SD on the right in Model 2. Note that the standardized
residuals more than 3 SDs is considered as possible outliers.nd economic growth on carbon emissions in Taiwan using an analytic
/10.1016/j.serj.2016.10.001
Table 6
Calculation of log-polynomial model coefﬁcients.
Log-polynomial model coefﬁcients
Model Un-st'dized coeff. St'dized coeff. t Sig. Correlation Collinearity Stat.
B SE b Zero-order Partial Part Tolerance VIF
1 Intercept .015 .004 3.870 .001
log(p) 7.901 .629 1.227 12.554 .000 .985 .937 .406 .110 9
log(a) .270 .103 .257 2.628 .015 .901 .489 .085 .110 9
2 Intercept .006 .004 1.482 .153
log(p) 7.437 .524 1.155 14.191 .000 .985 .952 .370 .103 10
log(a) .244 .083 .232 2.926 .008 .901 .538 .076 .109 9
(log(a))2 .721 .201 .105 3.578 .002 .540 .615 .093 .784 1
3 Intercept .678 .290 2.340 .031
log(p) 4.540 4.163 .705 1.091 .290 .985 .249 .023 .001 911
log(%PNI) 4.567 1.907 .555 2.394 .028 .933 .491 .051 .009 117
log(a) .100 .138 .095 .719 .481 .901 .167 .015 .026 38
(log(a))2 .133 .719 .019 .185 .856 .540 .043 .004 .041 24
log(%pU) 12.141 11.248 .678 1.079 .295 .960 .247 .023 .001 860
(log(%pU))
2 504.752 262.080 .165 1.926 .070 .538 .413 .041 .062 16
4 Intercept .015 .011 1.394 .179
log(p) 2.418 4.546 .376 .532 .601 .985 .121 .013 .001 870
log(a) .028 .143 .027 .197 .846 .901 .045 .005 .031 32
(log(a))2 .017 .801 .003 .021 .983 .540 .005 .001 .042 24
log(%pU) 9.791 12.523 .547 .782 .444 .960 .177 .019 .001 853
(log(%pU))
2 680.169 281.232 .223 2.419 .026 .538 .485 .058 .068 15
5 Intercept 2.557 2.036 1.256 .225
log(p) 7.158 .524 1.112 12.650 .000 .985 .953 .330 .088 11
log(a) .235 .084 .224 2.803 .011 .901 .541 .068 .092 11
(log(a))2 1.749 .533 .256 3.281 .004 .540 .601 .079 .096 10
log(%AM) 8.527 7.055 2.078 1.209 .242 .111 .267 .029 .000 5064
(log(%AM))
2 7.083 6.113 1.940 1.159 .261 .097 .257 .028 .000 4805
6 Intercept .831 1.818 .457 .653
log(p) 10.096 1.095 1.568 9.221 .000 .985 .908 .188 .014 69
log(%PNI) 5.160 1.759 .627 2.934 .009 .933 .569 .060 .009 109
log(a) .011 .104 .010 .105 .917 .901 .025 .002 .042 24
(log(a))2 .909 .534 .133 1.704 .106 .540 .373 .035 .068 15
log(%AM) 5.246 6.066 1.278 .865 .398 .111 .200 .018 .000 5242
(log(%AM))
2 4.237 5.256 1.161 .806 .431 .097 .187 .016 .000 4975
7 Intercept .822 .290 2.836 .010
log(p) 10.412 1.150 1.617 9.052 .000 .985 .897 .205 .016 62
log(%PNI) 5.394 1.916 .655 2.815 .011 .933 .533 .064 .009 106
log(a) .006 .114 .005 .050 .961 .901 .011 .001 .043 23
(log(a))2 .045 .297 .007 .150 .882 .540 .034 .003 .271 4
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either Models 1 or 2 can be used as a tool to describe the carbon
emission in Taiwan. In particular, it is desired to know how the
environmental impacts will change when there is a change in a
driving force such as economic growth. As coined by York et al.
[19], the term afﬂuence elasticity of impact (EEIA) refers to the
responsiveness of an impact to a change in an economic mea-
surement of afﬂuence (e.g., per-capita GDP). According to the
presented Models 1 and 2, the EEIA can be expressed by:
Model 1 : EEIA ¼ a31; (5)
Model 2 : EEIA ¼ a32 þ 2*a42 logðaÞ (6)
With the above two equations of elasticity of impact, Fig. 6
shows the two proﬁles of afﬂuence elasticity of impact, depend-
ing on the transformed afﬂuence data a in the x-axis. With Model 1,
the afﬂuence elasticity of impact remains a constant, regardless of
its variation in economic growth data. In contrast, withModel 2, the
higher the per-capita GDP level, the smaller the afﬂuence elasticity
of impact will be. This implies that, in either model of afﬂuence
elasticity of impact, Taiwan is gaining more and more control in
environmental impact as its per-capita GDP grows to a higher and
higher level.Please cite this article in press as: Yeh J-C, Liao C-H, Impact of population a
tool STIRPAT, Sustainable Environment Research (2016), http://dx.doi.org4.2. Model prediction
According to Table 6, the values of their respective polynomial
coefﬁcients of Models 1 and 2 are as follows:
Model 1 : logðiÞ ¼ a11 þ a21*logðpÞ þ a31*logðaÞ; (7)
Model 2 : logðiÞ ¼ a12 þ a22*logðpÞ þ a32*logðaÞ
þ a42*ðlogðaÞÞ2
(8)
wherea11 ¼ .15; a21 ¼ 7.901; a31 ¼ .270; and
a12 ¼ .006; a22 ¼ 7.437; a32 ¼ .244; a42 ¼ .721
By comparing the model values with the historical data, Fig. 7
presents the difference among them. Within the period of earlier
years, Model 1 tends to fall below the historical data, whereas
Model 2 appears to exhibit slightly higher values. Regardless of
such difference, both models can be seen quite closely to predict
those historical data of 1990e2014. In fact, it is suggested here that
bothmodels be used for the future prediction of carbon emission, in
view of those earlier data enclosed within the two model lines.
Furthermore, it is strongly intended to foresee carbon emissions
in Taiwan in the short-run period, in response to the challenging of
global climate change. According to the two proposed models, wend economic growth on carbon emissions in Taiwan using an analytic
/10.1016/j.serj.2016.10.001
Fig. 5. Histograms of (a) Model 1 and (b) Model 2.
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capita GDP by 2025 to predict future carbon emissions. To run
the two models, the estimated total population was accessed from
National Statistics. Note that the future population of Taiwan, based
on high growing scenario, was predicted. As for the per-capita GDP,
the annual growth rate of 1.7%, whichwas the annual growth rate in
2016, was applied throughout all the period 2015e2025.
As a result of model calculation, the proﬁles of carbon emission
by 2025 are presented in Fig. 8, assuming that there're no abrupt
changes or impacts of national and international energy and eco-
nomic environments. As illustrated by Model 1, future proﬁle of
carbon emission exhibits a decreasing rate of carbon emission
growth after the year 2015 and reaches a peak value at the year
2021. Beyond the year 2021, only a trace decrease in carbon
emission is observed. In contrast, an inverted U-shape of carbon
emission is illustrated for the predicted period 2015e2025 using
Model 2, with the peak value being identiﬁed at the year 2017,
when the per-capita GDP is estimated at US$24,692. According to
the report, Kais and Sami [21] provided empirical evidence on the2000 2005 2010 2015 2020 2025
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Fig. 8. Model prediction of carbon emission by 2025 in Taiwan.
nd economic growth on carbon emissions in Taiwan using an analytic
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for 58 countries over the period 1990e2012 by using a panel data
model, and they found the presence of an inverted U-shaped curve
between carbon dioxide emissions and GDP per capita. As deﬁned
ﬁrst by Kuznets [22], the hypothesis of environmental Kuznets
curve (EKC) assumes that environmental quality deteriorates with
growing income to a certain level and, beyond this level, it be-
comes more and more improved as the economy continues to
grow. This is to say that additional increase in income counteracts
the environmental deterioration. Therefore, according to Model 2,
it appears that Taiwanwill be going through this inverting point in
EKC by 2025, if its economic growth rate remains not less than
1.7%.
4.3. Model implication
As described earlier, we have attempted to model carbon
emissions (I) through such variables as P, %PNI, A, %PU and %AM. York
[23] analyzed data for 14 European Union Nations covering the
period 1960e2000 to estimate the effects of demographic and
economic factors on energy consumption. They found that both
population size and age structure have clear effects on energy
consumption. Also, both economic development and urbanization
also contribute substantially to changes in energy consumption. In
this study, the demographic variables include total population (P),
age structure percentage (%PNI), and urbanization percentage (%PU),
while per-capita (A) and industries-contributed (%AM) GDP's are
categorized into economic variables. With P and A as the basic el-
ements in the proposed model, the inclusions of %PNI, %PU and %AM
are without sacriﬁcing the degree of model ﬁtting. Yet, their
respective coefﬁcients in the models are not statistically signiﬁcant
to describe the dependent variable (I). This implies that, if
compared to %PNI, %PU and %AM, both P and A represent relatively
higher weights in the model, and both alone can best describe
carbon emissions in Taiwan over the period 1990e2014.
In view of EKC, both Models 1 and 2 show negative
log-polynomial coefﬁcients with respect to variable afﬂuence (In
logarithmic form; see Table 2). But, with respect to variable popu-
lation, their respective coefﬁcients are positive. Again, this implies
that carbon emissions was cut down as the economy (per-capita
GDP) in Taiwan continued to grow in the period 1990e2014. On the
other hand, the factor of population growth was pulling up the
carbon emission level in this period. As a matter of fact, this up-
pulling force was even stronger than the down-pulling force due
to the factor of afﬂuence. This thus resulted in the continual in-
crease of carbon emission in the period 1990e2014. However, if the
economy in Taiwan keeps growing, let us say, by a growth rate of
1.7%, an inverted U-shape is expected to occur by the year 2025,
according to Models 1 and 2, regardless of population growth with
a scenario of higher estimated rate.
5. Conclusions
Using STIRPAT model, we have developed a Taiwan version of
carbon emissions, depending mainly on total population and per-
capita GDP. Among the 7 proposed models, Eqs. (7) and (8) are
recommended to be applied in Taiwan for managing carbon
emissions. Positive logarithmic polynomial coefﬁcients withPlease cite this article in press as: Yeh J-C, Liao C-H, Impact of population a
tool STIRPAT, Sustainable Environment Research (2016), http://dx.doi.orgrespect to population indicate an up-pulling force to the carbon
emission, as Taiwan's total population continues to grow.
Contrarily, the coefﬁcients for per-capita GDP in logarithmic form
are negative. This means Taiwan has developed into the stage with
an economic force pulling down the carbon emissions. When
modeling the carbon emissions with the year 2025 as the target, an
inverted U-shape will be observed, regardless of continual growth
in both population (scenario of high growing rate) and per-capita
GDP (assuming annual rate of 1.7%).
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